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P e p t i d e  n e u r o t o x i n s  f r o m  c o n e  s n a i ls  c o n t i n u e  t o  s u p p ly  c o m ­
p o u n d s  w i t h  t h e r a p e u t i c  p o t e n t i a l .  A l t h o u g h  s e v e r a l  a n a lg e s ic  
c o n o t o x i n s  h a v e  a l r e a d y  r e a c h e d  h u m a n  c l i n i c a l  t r i a l s ,  a  c o n t i n u ­
i n g  n e e d  e x is t s  f o r  t h e  d i s c o v e r y  a n d  d e v e lo p m e n t  o f  n o v e l  n o n ­
o p i o i d  a n a lg e s ic s ,  s u c h  a s  s u b t y p e - s e le c t i v e  s o d i u m  c h a n n e l  b l o c k ­
e r s .  jm - C o n o t o x in  K I I I A  is  r e p r e s e n t a t i v e  o f  / m - e o n o p e p t id e s  
p r e v io u s l y  c h a r a c t e r i z e d  a s  i n h i b i t o r s  o f  t e t r o d o t o x i n  ( T T X ) - r e -  
s is t a n t  s o d i u m  c h a n n e ls  i n  a m p h i b i a n  d o r s a l  r o o t  g a n g l i o n  n e u ­
r o n s .  H e r e ,  w e  s h o w  t h a t  K I I I A  h a s  p o t e n t  a n a lg e s ic  a c t i v i t y  i n  t h e  
m o u s e  p a i n  m o d e l .  S u r p r i s i n g l y ,  K I I I A  w a s  f o u n d  t o  b l o c k  m o s t  
( > 8 0 % )  o f  t h e  T T X - s e n s i t i v e ,  b u t  o n l y  ~ 2 0 %  o f  t h e  T T X - r e s i s t a n t ,  
s o d i u m  c u r r e n t  i n  m o u s e  d o r s a l  r o o t  g a n g l i o n  n e u r o n s .  K I I I A  w a s  
t e s t e d  o n  c lo n e d  m a m m a l ia n  c h a n n e ls  e x p r e s s e d  i n  Xenopus 
o o c y t e s .  B o t h  N a v 1 .2  a n d  N a v 1 .6  w e r e  s t r o n g l y  b lo c k e d ;  w i t h i n  
e x p e r i m e n t a l  w a s h  t im e s  o f  4 0  -  6 0  m i n ,  b l o c k  w a s  r e v e r s e d  v e r y  
l i t t l e  f o r  N a v 1 .2  a n d  o n l y  p a r t i a l l y  f o r  N a v 1 .6 .  O t h e r  i s o f o r m s  w e r e  
b l o c k e d  r e v e r s ib l y :  N a v 1 .3  ( I C 50 8 ja m ) , N a v 1 .5  ( I C 50 2 8 4  ja m ) ,  a n d  
N a v 1 .4  ( I C 50 8 0  n M ) . “ A l a n i n e - w a l k ”  a n d  r e la t e d  a n a lo g s  w e r e  s y n ­
t h e s iz e d  a n d  t e s t e d  a g a in s t  b o t h  N a v 1 .2  a n d  N a v 1 .4 ;  r e p la c e m e n t  
o f  T r p -8 r e s u l t e d  i n  r e v e r s ib le  b l o c k  o f  N a v 1 .2 ,  w h e r e a s  r e p la c e ­
m e n t  o f  L y s - 7 ,  T r p - 8, o r  A s p - 1 1  y ie ld e d  a  m o r e  p r o f o u n d  e f f e c t  o n  
t h e  b l o c k  o f  N a v 1 . 4  t h a n  o f  N a v 1 .2 .  T a k e n  t o g e t h e r ,  t h e s e  d a t a  
s u g g e s t  t h a t  K I I I A  is  a n  e f f e c t i v e  t o o l  t o  s t u d y  s t r u c t u r e  a n d  f u n c ­
t i o n  o f  N a v 1 .2  a n d  t h a t  f u r t h e r  e n g in e e r i n g  o f  jm - e o n o p e p t id e s  
b e l o n g i n g  t o  t h e  K I I I A  g r o u p  m a y  p r o v id e  s u b t y p e - s e le c t i v e  p h a r ­
m a c o lo g ic a l  c o m p o u n d s  f o r  m a m m a l ia n  n e u r o n a l  s o d i u m  c h a n ­
n e l s  a n d  p o t e n t i a l  t h e r a p e u t i c s  f o r  t h e  t r e a t m e n t  o f  p a in .
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V e n o m s  a r e  a  r i c h  s o u r c e  o f  n e u r o a c t i v e  c o m p o u n d s  t h a t  
t a r g e t  v a r i o u s  i o n  c h a n n e ls  a n d  r e c e p t o r s  w i t h  e x q u i s i t e  
p o t e n c y  a n d  s e l e c t i v i t y  ( 1 - 4 ) .  T h e r e  is  a  c o n t i n u i n g  n e e d  f o r  
m o r e  s u b t y p e - s e l e c t i v e  p h a r m a c o l o g i c a l  a g e n t s  a g a in s t  s o d i u m  
c h a n n e ls  ( 5 ) ,  a n d  c o n e  s n a i l  v e n o m s  p r o v i d e  a  u n i q u e  p h a r m a ­
c o p o e ia  o f  d i v e r s e  s o d i u m  c h a n n e l - t a r g e t i n g  t o x i n s ,  i n c l u d i n g  
c h a n n e l  b l o c k e r s  a s  w e l l  a s  i n h i b i t o r s  o f  c h a n n e l  i n a c t i v a t i o n  
( 6 - 1 8 ) .  / x - C o n o t o x i n s  a r e  s h o r t  p e p t i d e s  t h a t  p o t e n t l y  b l o c k  
s o d i u m  c h a n n e ls  ( T a b l e  1 ) .  T h e  f i r s t  / x - c o n o t o x i n s  t o  b e  d i s c o v ­
e r e d  f r o m  v e n o m  o f  Conus s n a i ls ,  G I I I A ,  G I I I B ,  G I I I C ,  a n d  
P I I I A ,  w e r e  p a r a l y t i c  i n  f i s h  a n d  p o t e n t l y  i n h i b i t e d  s k e l e t a l  
m u s c le  s o d i u m  c h a n n e ls  i n  a m p h i b i a n  a n d  m a m m a l i a n  
s y s t e m s .
R e c e n t l y ,  a  s e c o n d  g r o u p  o f  / x - c o n o t o x i n s  h a s  b e e n  i d e n t i f i e d  
t h a t ,  i n  c o n t r a s t  t o  p r e v i o u s l y  c h a r a c t e r i z e d  p e p t i d e s  t h a t  t a r ­
g e t e d  t h e  s k e l e t a l  m u s c le  s o d i u m  c h a n n e ls ,  i n h i b i t e d  T T X - r e -  
s i s t a n t  ( T T X - r )4 s o d i u m  c h a n n e ls  w h e n  s c r e e n e d  o n  a m p h i b ­
i a n  n e u r o n a l  p r e p a r a t i o n s  ( 1 9 - 2 1 ) .  T h i s  g r o u p  o f  c o n o t o x i n s  
i n c l u d e s  / x - c o n o t o x i n  S m I I I A  f r o m  Conus stercusmuscarum 
a n d  / x - c o n o t o x i n  K I I I A  f r o m  Conus kinoshitai ( F ig .  1 ) .  S t r u c ­
t u r a l  a n d  f u n c t i o n a l  s t u d ie s  o n  p e p t i d e s  i n  t h i s  g r o u p  t o  d a t e  
s u g g e s t  t h a t  a m i n o  a c i d  r e s id u e s  i n  t h e  C - t e r m i n a l  r e g i o n  o f  
t h e s e  p e p t i d e s ,  i n c l u d i n g  T r p  a n d  H i s  ( s e e  T a b l e  1 ) ,  a r e  i m p o r ­
t a n t  f o r  f u n c t i o n  ( 1 9 ,  2 2 ) .
I t  i s  w i d e l y  b e l i e v e d  t h a t  T T X - r  s o d i u m  c h a n n e l s  a r e  
p o t e n t i a l  m o l e c u l a r  t a r g e t s  f o r  a n a lg e s i c  t h e r a p y  ( 2 3 ,  2 4 ) .  I n  
t h e  p e r i p h e r a l  n e r v e s  o f  m a m m a l s ,  t h e r e  a r e  t w o  T T X - r  s u b ­
t y p e s ,  N a v 1 . 8  a n d  N a v 1 . 9 ;  a  v a r i e t y  o f  d a t a  s u g g e s t  t h a t  t h e s e  
m a y  p a r t i c i p a t e  i n  p a i n  s i g n a l i n g .  T h u s ,  i n h i b i t i o n  o f  T T X - r  
c h a n n e l s  i s  a  p o s t u l a t e d  a n a lg e s i c  m e c h a n i s m  t h a t  n e e d s  t o  
b e  e x p e r i m e n t a l l y  e v a l u a t e d .  G i v e n  t h e  a b i l i t y  o f  t h e  K I I I A  
g r o u p  o f  / x - c o n o t o x i n s  t o  i n h i b i t  a m p h i b i a n  T T X - r  s o d i u m  
c h a n n e l s ,  w e  t e s t e d  w h e t h e r  / x - c o n o t o x i n  K I I I A  i s  a n a lg e s i c
4The abbreviations used are: TTX-r, tetrodotoxin-resistant; TTX-s, TTX- 
sensitive; DRG, dorsal root ganglion; Nav, voltage-gated sodium chan­
nel; KIIIA, fx-conotoxin KIIIA; mNav, Nav cloned from  mouse; rNav, Nav 
cloned from rat; Fmoc, /V-(9-fluorenyl)methoxycarbonyl; HPLC, high 
pressure liquid chromatography; MOPS, 4-morpholinepropanesulfonic 
acid.
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FIGURE 1 .S tructure o f KIIIA. Sequence and disulfide connectivity is shown in 
the upper panel. Three-dimensional model structure was generated using 
molecular dynamics simulation starting w ith the solution structure of SmIIIA, 
as described (20). Amino acid residues identified in this work as important for 
blocking mammalian sodium channels are shown.
TABLE 1
Sequences o f six /u,-conotoxins belonging to the KIIIA clade
PIIIA and GIIIA are also shown to r com parison. # denotes C-term inal amidation.
Conotoxin Structure Reference
KIIIA CCN-------CSSKWCRDHSRCC# (20)
s m  a ZNCCNG- - GC S SKWCRDHARCC# (20)
SmIIIA ZRCCNGRRGCSS RWCRDH SRCC# (19)
M ill  A ZGCCNVPNGCSGRVJCRDHAQCC# (21)
CnIIIA GRCCDVPNACSGRWCRDHAQCC# (21)
CIIIA GRCCEG PNGC S S RWCKDHARCC# (21)
PIIIA ZRLCCGFOKSCRSRQCKOH-RCC# (10)
GIIIA RDCCTOOKKCKDRQCKOQ-RCCA# (12)
a n d  d e m o n s t r a t e  t h a t ,  a s  p r e d i c t e d ,  i t  h a s  a n a lg e s i c  a c t i v i t y .  
H o w e v e r ,  w h e n  w e  e v a l u a t e d  t h e  s p e c i f i c i t y  o f  j u , - c o n o t o x i n  
K I I I A  a g a i n s t  v a r i o u s  m a m m a l i a n  s o d i u m  c h a n n e l  s u b t y p e s ,  
w e  f o u n d  t h a t  t h i s  p e p t i d e  b l o c k e d  o n l y  a  m i n o r  f r a c t i o n  o f  
t h e  t o t a l  T T X - r  s o d i u m  c h a n n e l  c u r r e n t s  i n  d o r s a l  r o o t  g a n ­
g l i o n  ( D R G )  b u t  i t  b l o c k e d ,  a l m o s t  i r r e v e r s i b l y ,  r a t  N a v 1 . 2  
n e u r o n a l  s o d i u m  c h a n n e l s .  O u r  r e s u l t s  v a l i d a t e  t h e  K I I I A  
g r o u p  o f  j u , - c o n o t o x i n s  a s  a  r i c h  p h a r m a c o p o e i a  o f  s e l e c t i v e  
b l o c k e r s  o f  m a m m a l i a n  n e u r o n a l  s o d i u m  c h a n n e l s  a n d  a s  
p o t e n t i a l  t h e r a p e u t i c s  f o r  t r e a t m e n t  o f  p a i n  a n d  o t h e r  n e u ­
r o l o g i c a l  d i s o r d e r s .
EXPERIMENTAL PROCEDURES
Molecular Modeling-—-An i n i t i a l  m o d e l  o f  K I I I A  w a s  c r e a t e d  
w i t h  t h e  M O D E L L E R  ( 6 v 2 )  p r o g r a m  u s i n g  t h e  s t r u c t u r e  o f  
S m I I I A  ( P r o t e i n  D a t a  B a n k  a c c e s s io n  c o d e  1 Q 2 J ,  r e p r e s e n t a t i v e  
s t r u c t u r e  1 3 )  a s  a  t e m p l a t e ,  f o l l o w i n g  t h e  p r o c e d u r e  d e s c r i b e d
e a r l i e r  ( 2 0 ,  2 1 ) .  A n a lo g s  w e r e  b u i l t  i n t o  t h e  i n i t i a l  m o d e l  o f  
K I I I A  u s i n g  I n s i g h t l l  ( A c c e l r y s ,  2 0 0 0 ) .  A l l  s t r u c t u r e s  w e r e  s u b ­
j e c t e d  t o  m o l e c u l a r  d y n a m i c s  s i m u l a t i o n  u s i n g  t h e  G R O M A C S  
( v 3 . 3 . 1 )  p a c k a g e  o f  p r o g r a m s  a p p l y i n g  a  s i m i l a r  a p p r o a c h  a s  h a d  
b e e n  u s e d  t o  m o d e l  K I I I A  p r e v io u s l y .  A l l  s i m u l a t i o n s  c o n s i s t e d  
o f  a n  i n i t i a l  m i n i m i z a t i o n  o f  w a t e r  m o le c u le s  f o l l o w e d  b y  100 p s  
o f  m o l e c u l a r  d y n a m i c s  w i t h  t h e  p e p t i d e  f i x e d .  T h e  r e s t r a i n t s  o n  
t h e  p e p t i d e  w e r e  t h e n  r e m o v e d  a n d  m o l e c u l a r  d y n a m i c s  c o n ­
t i n u e d  f o r  a  f u r t h e r  10  n s .
Chemical Synthesis of Conotoxins— C o n o t o x i n  a n a lo g s  w e r e  
s y n t h e s i z e d  o n  s o l i d  s u p p o r t  u s i n g  s t a n d a r d  F m o c  p r o t o c o l s  a s  
d e s c r i b e d  p r e v i o u s l y  ( 2 0 ) .  T h e  p e p t i d e s  w e r e  c le a v e d  f r o m  t h e  
r e s i n  a n d  p u r i f i e d  b y  r e v e r s e d - p h a s e  H P L C .  T h e  i d e n t i t i e s  o f  
p e p t i d e s  w e r e  c o n f i r m e d  b y  m a s s  s p e c t r o m e t r y .  O x i d a t i v e  f o l d ­
i n g  w a s  c a r r i e d  o u t  f o r  2  h  i n  b u f f e r e d  s o l u t i o n  ( 0 .1  m  T r i s - H C l ,  
p H  7 . 5 )  c o n t a i n i n g  1 m M  E D T A ,  1 m M  r e d u c e d  a n d  1 m M  o x i ­
d i z e d  g l u t a t h i o n e .  T h e  r e f o l d e d  p e p t i d e s  w e r e  p u r i f i e d  b y  s e m i ­
p r e p a r a t i v e  H P L C .
Inflammatory Pain Assay— S w is s  W e b s t e r  m i c e  ( r a n g i n g  
f r o m  2 5  t o  3 0  g )  w e r e  p l a c e d  i n  i n d i v i d u a l  o p e n  g la s s  c y l i n d e r s  
f o r  o b s e r v a t i o n .  F i f t e e n  m i n u t e s  p r i o r  t o  i n t r a p l a n t a r  i n j e c t i o n  
o f  1 0  ju l  o f  4 . 4 %  f o r m a l i n  i n t o  o n e  h i n d  p a w ,  m ic e  w e r e  i n t r a p -  
e r i t o n e a l l y  i n j e c t e d  w i t h  10 o r  20 n m o l  o f  t e s t  p e p t i d e  o r  s a l in e  
s o l u t i o n  ( v e h i c l e  c o n t r o l ) .  M i c e  ( t w o  a t  a  t i m e )  w e r e  o b s e r v e d  
f o r  5 0  m i n ,  a n d  p a w - l i c k i n g  t i m e  w a s  d e t e r m i n e d  e v e r y  5  m i n  i n
2 - m i n  i n t e r v a l s .  T h e  a c u t e  ( f i r s t )  p h a s e  o f  t h e  n o c i c e p t i v e  
r e s p o n s e  w a s  q u a n t i f i e d  w i t h i n  t h e  f i r s t  5  m i n .  T h e  i n f l a m m a ­
t o r y  ( s e c o n d )  p h a s e  w a s  q u a n t i f i e d  f r o m  2 0 - 3 0  m i n .  F o r  e a c h  
d o s e  o f  p e p t i d e ,  a t  le a s t  f o u r  a n i m a ls  w e r e  t e s t e d .  A l l  a n i m a l  
p r o t o c o l s  w e r e  a p p r o v e d  b y  t h e  I n s t i t u t i o n a l  A n i m a l  C a r e  a n d  
U s e  C o m m i t t e e  a t  t h e  U n i v e r s i t y  o f  U t a h .
Whole Cell Voltage Clamping of Mouse D R G  Neurons— 
A d u l t  m o u s e  ( S w is s  W e b s t e r )  D R G  n e u r o n s  w e r e  d i s s o c ia t e d  
a n d  v o l t a g e - c l a m p e d  a s  d e s c r i b e d  p r e v i o u s l y  ( 2 1 ) .  B r i e f l y ,  
e x t r a c e l l u l a r  s o l u t i o n  w a s  ( i n  m M ) :  N a C l ,  1 4 0 ;  K C l ,  3 ;  M g C L , ,  1 ; 
C a C l2, 1 ;  H E P E S ,  2 0 ;  p H  7 .3 .  R e c o r d i n g  p i p e t t e s  ( 1 - 2  m £ 1 ) c o n ­
t a i n e d  ( i n  m M ) :  C s F ,  1 4 0 ;  N a C l ,  1 0 ;  E G T A ,  1 ;  H E P E S ,  1 0 ;  p H  7 .3 .  
T T X - s e n s i t i v e  c u r r e n t s  w e r e  r e c o r d e d  f r o m  la r g e  n e u r o n s  
w h o s e  s o d i u m  c u r r e n t s  c o u l d  b e  t o t a l l y  b l o c k e d  b y  1 jxm T T X ,  
a n d  T T X - r e s i s t a n t  c u r r e n t s  w e r e  r e c o r d e d  f r o m  s m a l l  n e u r o n s  
i n  t h e  p r e s e n c e  o f  1 jxm T T X .  C o n o t o x i n s  w e r e  d i s s o l v e d  i n  
e x t r a c e l l u l a r  s o l u t i o n ,  a n d  t o x i n  e x p o s u r e s  w e r e  c o n d u c t e d  i n  
s t a t i c  b a t h s .  T h e  m e m b r a n e  p o t e n t i a l  w a s  h e l d  a t  — 8 0  m V ,  a n d  
s o d i u m  c h a n n e ls  w e r e  a c t i v a t e d  b y  a  5 0 - m s  t e s t  p u l s e  t o  0  m V ,  
a p p l i e d  e v e r y  2 0  s . E a c h  t e s t  p u l s e  w a s  p r e c e d e d  b y  a  — 1 2 0  m V  
p r e p u l s e  l a s t i n g  5 0  m s .  C u r r e n t  s ig n a ls  w e r e  l o w  p a s s - f i l t e r e d  a t  
3  k H z ,  d i g i t i z e d  a t  a  s a m p l i n g  f r e q u e n c y  o f  1 0  k H z ,  a n d  le a k -  
s u b t r a c t e d  b y  a  P /6 p r o t o c o l  u s i n g  i n - h o u s e  s o f t w a r e  w r i t t e n  i n  
L a b V I E W  ( N a t i o n a l  I n s t r u m e n t s ,  A u s t i n ,  T X ) .
Single-channel Recordings from Planar Lipid Bilayers— 
M e m b r a n e  f r a c t i o n s  c o n t a i n i n g  v o l t a g e - g a t e d  s o d i u m  c h a n ­
n e l s  f r o m  r a t  b r a i n  w e r e  i s o la t e d  u s i n g  s t a n d a r d  p r o c e d u r e s  ( 2 5 ,
2 6 )  a n d  s t o r e d  a t  — 8 0  ° C .  P r i o r  t o  e x p e r i m e n t s ,  m e m b r a n e  f r a c ­
t i o n s  w e r e  i n c u b a t e d  w i t h  b a t r a c h o t o x i n  (1 /a m )  f o r  a  m i n i m u m  
o f  1 h .  A  h o r i z o n t a l  c h a m b e r  w a s  u s e d  w i t h  t w o  c o m p a r t m e n t s  
( e a c h  —200 ju l )  f o r  t h e  “ e x t r a c e l l u l a r ”  a n d  “ i n t r a c e l l u l a r ”  s o l u ­
t i o n s ,  s e p a r a t e d  b y  a  p l a s t i c  p a r t i t i o n  p e n e t r a t e d  b y  a  h o l e  o f  
d i a m e t e r  — 6 0 - 1 0 0  /xm. T h e  c u r r e n t  o f f s e t  w a s  s e t  t o  z e r o  i n

















Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2007/08/27/M704616200.DC1.html










FIGURE 2. Analgesic activ ity  o f KIIIA in  the in flam m atory pain assay in mice. KIIIA was dissolved in saline 
and administered intraperitoneally 15 min prior to  the injection of formalin into a paw as described under 
"Experimental Procedures."/Mime course of a paw-licking time following injection of saline {blacktriangles), 20 
mg/kg dose of lidocaine (open circles), or 10 nmol (equivalent o f 0.7 mg/kg) of KIIIA {black squares). Phase I 
response is defined as the cumulative licking time between 0 and 5 min following formalin injection, whereas 
phase II response (reflecting activity in response to inflammatory pain) is defined as the cumulative licking time 
between 15 and 30 min. Each dose was tested in at least four animals. S, dose-response relationship of the 
analgesic activity o f KIIIA during phase II. Data were normalized to  the response to saline solution alone. ED50 
of 1.6 nmol/mouse (0.1 mg/kg) was calculated using Prism software.
Harvesting, cRNA Injection, and 
Voltage Clamping of Xenopus 
Oocytes— O o c y t e s  w e r e  h a r v e s t e d ,  
p r e p a r e d ,  a n d  i n j e c t e d  w i t h  c R N A  
a s  p r e v i o u s l y  d e s c r i b e d  ( 2 7 ) .  A  g i v e n  
o o c y t e  w a s  i n j e c t e d  w i t h  3 0  n l  o f  
c R N A  f o r  o n e  o f  t h e  f o l l o w i n g  
s o d i u m  c h a n n e l  i s o f o r m s :  r N a v 1 .2 , 
r N a v 1 .3 ,  r N a v 1 .4 ,  r N a v 1 .5 ,  m N a v 1 .6 , 
o r  r N a  v  1 .7  ( 1 . 5 , 1 5 , 0 . 6 , 3 , 3 0 ,  o r  1 5  n g ,  
r e s p e c t i v e l y ) .  O o c y t e s  w e r e  t w o -  
e l e c t r o d e  v o l t a g e - c l a m p e d  u s i n g  
m i c r o e l e c t r o d e s  c o n t a i n i n g  3  m  K C l  
( < 0 . 5  m O ) .  S o d i u m  c u r r e n t s  w e r e  
a c q u i r e d  u s i n g  a  h o l d i n g  p o t e n t i a l  
o f  ^ 8 0  m V  a n d  s t e p p i n g  t o  a  v a lu e  
b e t w e e n  ^ 2 0  a n d  0  m V  ( d e p e n d in g  
o n  N a v  s u b t y p e )  f o r  5 0  m s  e v e r y  2 0  s 
a n d  p r o c e s s e d  a s  d e s c r i b e d  a b o v e  
f o r  c l a m p i n g  o f  n e u r o n s .  T o x i n
s y m m e t r i c  s o l u t i o n s  b e f o r e  f o r m i n g  t h e  b i l a y e r .  T h e  b i l a y e r  w a s  
f o r m e d  b y  p a i n t i n g  a  s o l u t i o n  o f  l i p i d  a c r o s s  t h e  h o l e  ( 5 0  m g  o f  
t o t a l  l i p i d / m l  i n  d e c a n e ,  P O P E : P O P C ,  4 : 1 ) .  L i p i d s  w e r e  f r o m  
A v a n t i  P o la r  L i p i d s .  R e c o r d s  w e r e  m a d e  a t  r o o m  t e m p e r a t u r e  
u s i n g  s y m m e t r i c a l  s o l u t i o n s  o f  ( c o n c e n t r a t i o n s  i n  i t i m )  N a C l ,  
2 0 0 ;  M O P S ,  1 0 ;  a n d  E D T A ,  0 . 1 ;  p H  7 . 0 .  A l i q u o t s  o f  m e m ­
b r a n e  f r a c t i o n s  (—1 / x l )  w e r e  p i p e t t e d  d i r e c t l y  o v e r  t h e  
b i l a y e r ,  a n d  i n c o r p o r a t i o n  o f  a  s i n g l e  c h a n n e l  w a s  d e t e c t e d  a s  
a n  i n c r e a s e  i n  c u r r e n t  a m p l i t u d e  o f  — 1 p A  a t  ±  6 0  m V .  
C h a n n e l  o r i e n t a t i o n  w a s  d e d u c e d  f r o m  t h e  i n c r e a s e d  f r e ­
q u e n c y  o f  c l o s u r e s  a t  ^ 7 0  m V  ( e x t r a c e l l u l a r  s id e  d e f i n e d  a s  0  
m V ) .  T o x i n  w a s  a d d e d  t o  t h e  e x t r a c e l l u l a r  s i d e  a t  5 0 0  n M  b y  
p e r f u s i n g  t h e  a p p r o p r i a t e  c h a m b e r  w i t h  t o x i n - c o n t a i n i n g  
s o l u t i o n  ( 2  X  4 0 0  / x l ) ,  a n d  t o x i n - b l o c k i n g  e v e n t s  w e r e  
o b s e r v e d  a s  s t e p  d e c r e a s e s  i n  s i n g l e - c h a n n e l  a m p l i t u d e .  D a t a  
w e r e  c o l l e c t e d  a n d  a n a l y z e d  u s i n g  p C l a m p  9 . 2  s o f t w a r e ,  a n  
A x o p a t c h  2 0 0  a m p l i f i e r ,  a  D i g i d a t a  1 3 2 2 A  a c q u i s i t i o n  s y s ­
t e m  ( M o l e c u l a r  D e v i c e s  C o r p . ,  S u n n y v a l e ,  C A ) ,  a n d  S ig -  
m a P l o t  8 . 0  ( S y s t a t  S o f t w a r e ,  I n c . ,  S a n  J o s e ,  C A ) .
Generation ofNa v Clones and RNA Preparation-—-The c D N A  
c l o n e s  w e r e  k i n d l y  p r o v i d e d  b y  D r s .  A l a n  G o l d i n  a n d  G a i l  
M a n d e l .  A p p r o x i m a t e l y  2 0  n g  o f  c D N A  f o r  e a c h  N a v  c h a n n e l  
i s o f o r m  w a s  t r a n s f e c t e d  i n t o  e l e c t r o c o m p e t e n t  c e l l s  a n d  
p l a t e d  o n  a n  a g a r  p l a t e  w i t h  t h e  a n t i b i o t i c .  T e n  c l o n e s  w e r e  
p i c k e d  a n d  g r o w n  o v e r n i g h t  i n  5  m l  o f  L u r i a  B e r t a n i  m e d i u m .  
O f  t h e  1 0  i n o c u l a t e d  m e d i a ,  t h e  c D N A  w a s  i s o l a t e d  f r o m  f i v e  
a n d  s c r e e n e d  b y  B a m H I  d i g e s t i o n .  O n e  c l o n e  f r o m  e a c h  t h a t  
y i e l d e d  t h e  c o r r e c t  f r a g m e n t s  w a s  g r o w n  i n  5 0  m l  o f  L u r i a  
B e r t a n i  m e d i u m  w i t h  t h e  a n t i b i o t i c  t o  o b t a i n  e n o u g h  c D N A  
f o r  s e q u e n c i n g .  T h e  c o r r e c t  c D N A  f o r  e a c h  i s o f o r m  w a s  l i n ­
e a r i z e d  w i t h  N o t l  a n d  t r a n s c r i b e d  w i t h  T 7  R N A  p o l y m e r a s e  
u s i n g  t h e  m M e s s a g e  m M a c h i n e  R N A  t r a n s c r i p t i o n  k i t  
( A m b i o n ,  A u s t i n ,  T X )  f o r  g e n e r a t i o n  o f  c a p p e d  c R N A .  T h e  
c R N A  w a s  p u r i f i e d  u s i n g  t h e  Q i a g e n  R N e a s y  k i t  ( Q i a g e n ,  
V a l e n c i a ,  C A ) .  T h e  c o n c e n t r a t i o n  o f  t h e  c R N A  w a s  d e t e r ­
m i n e d  b y  U V  s p e c t r o s c o p y  a t  2 6 0  n m  u s i n g  a  M i l t o n  R o y  
S p e c t r o n i c  1 0 0 1 .
e x p o s u r e s  w e r e  i n  s t a t i c  b a t h s  t o  
c o n s e r v e  m a t e r i a l .  O f f - r a t e  c o n s t a n t s  w e r e  d e t e r m i n e d  f r o m  
s i n g l e - e x p o n e n t i a l  f i t s  o f  t h e  t i m e  c o u r s e  o f  r e c o v e r y  f r o m  
b l o c k  f o l l o w i n g  p e p t i d e  w a s h o u t ,  a n d  t h e  o n - r a t e  c o n s t a n t s  
w e r e  o b t a i n e d  f r o m  t h e  s lo p e s  o f  £ obs versus [ p e p t i d e ]  a s  d o n e  
p r e v i o u s l y  ( 1 9 ) .  E x p r e s s i o n  a n d  e l e c t r o p h y s i o l o g i c a l  m e a s u r e ­
m e n t s  o f  r N a v 1 .8  c h a n n e ls  w e r e  p e r f o r m e d  a s  d e s c r i b e d  i n  R e f .  
1 5 .  A l l  e l e c t r o p h y s i o l o g i c a l  r e c o r d i n g s  w e r e  c o n d u c t e d  a t  r o o m  
t e m p e r a t u r e  ( — 2 0  ° C ) .
RESULTS
KIIIA Is a Potent Analgesic Compound--B e c a u s e  m a n y  
s o d i u m  c h a n n e l  b l o c k e r s  p o s s e s s  a n a lg e s i c  a c t i v i t y ,  a n d  K I I I A  
w a s  f o u n d  t o  b l o c k  T T X - r  s o d i u m  c h a n n e l s  i n  a m p h i b i a n  
p r e p a r a t i o n s  ( 20) ,  w e  f i r s t  t e s t e d  t h i s  p e p t i d e  f o r  a n a lg e s i c  
a c t i v i t y  f o l l o w i n g  s y s t e m i c  d e l i v e r y  i n  t h e  f o r m a l i n - i n d u c e d  
p a i n  a s s a y  i n  m i c e .  A s  s h o w n  i n  F i g .  2 ,  i n t r a p e r i t o n e a l  i n j e c ­
t i o n  o f  K I I I A  s i g n i f i c a n t l y  r e d u c e d  p a w  l i c k i n g  d u r i n g  b o t h  
p h a s e  I  a n d  p h a s e  I I .  C o m p a r e d  w i t h  l i d o c a i n e  ( 2 0  m g / k g  1 
i n t r a p e r i t o n e a l ,  — 3  t i m e s  t h e  n o r m a l  m a x i m u m  s y s t e m i c  
d o s e  f o r  a d u l t  h u m a n s ) ,  K I I I A  a p p e a r e d  t o  b e  a  m o r e  e f f e c ­
t i v e  a n a lg e s i c ,  i n  p a r t i c u l a r  d u r i n g  p h a s e  I I ,  w h i c h  r e f l e c t s  
i n f l a m m a t o r y  p a i n .  T h i s  a n a lg e s i c  e f f e c t  w a s  d o s e - d e p e n d ­
e n t  ( F ig .  2 B), w i t h  a n  E D S0 o f  1 . 6  n m o l / m o u s e  ( e q u i v a l e n t  o f
0 . 1  m g / k g ) .  U s i n g  a  r o t a r o d  t e s t ,  n o  m o t o r  i m p a i r m e n t  w a s  
o b s e r v e d  a t  a  d o s e  o f  3  n m o l ,  i n d i c a t i n g  a  s e p a r a t i o n  o f  t h e  
t o x i c  a n d  a n a lg e s i c  a c t i v i t y  o f  t h e  p e p t i d e ;  s o m e  m o t o r  
i m p a i r m e n t ,  b u t  n o  a p p a r e n t  p a r a l y t i c  a c t i v i t y ,  w a s  f o u n d  a t  
t h e  h i g h e s t  d o s e  o f  K I I I A  t e s t e d ,  1 0  n m o l .
Unexpected Specificity of KIIIA for Cloned Rat and Mouse 
Sodium Channels— W e  e x a m in e d  t h e  a b i l i t y  o f  K I I I A  t o  b l o c k  
s o d i u m  c h a n n e ls  i n  m o u s e  D R G  n e u r o n s .  A s  s h o w n  i n  F ig .  3 ,  
K I I I A  ( 5  / x m )  l a r g e l y  b l o c k e d  ( > 8 0 % )  T T X - s e n s i t i v e  ( T T X - s )  
b u t  o n l y  p a r t i a l l y  b l o c k e d  ( — 2 0 % )  T T X - r  s o d i u m  c h a n n e ls .  
I n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  K I I I A  t o  5 0  /x m  d i d  n o t  y i e l d  a n y  
a d d i t i o n a l  b l o c k  o f  t h e  T T X - r  s o d i u m  c u r r e n t  i n  D R G  n e u r o n s .  
C o n s i s t e n t  w i t h  t h e  a b o v e  o b s e r v a t i o n s ,  o n l y  T T X - s  A - c o m -  
p o u n d  a c t i o n  p o t e n t i a l s  w e r e  a b o l i s h e d  b y  5  /x m  K I I I A ,  w h e r e a s
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FIGURE 3. KIIIA blocks mouse TTX-sensitive sodium  channels in DRG 
neurons. A, effects o f KIIIA on sodium currents in dissociated DRG neu­
rons. Left, representative TTX-resistant sodium currents recorded before 
(control trace, gray) and fo llow ing ~20  min o f exposure to 5 /xm KIIIA 
{black trace). Right, representative TTX-sensitive sodium currents 
recorded before (control trace, gray) and fo llow ing ~20  min o f exposure 
to  5 /xm KIIIA (black trace). Each trace represents the average of five 
responses. B, percent o f block o f the peak o f TTX-resistant and TTX-sensi- 
tive sodium currents fo llow ing ~20  min o f exposure to  5 /xm KIIIA. Mean 
and S.D. values were calculated from  n =  4 to  5 using Excel software.
C - c o m p o u n d  a c t i o n  p o t e n t i a l s  w e r e  s lo w e d  a n d  o n l y  s l i g h t l y  
a t t e n u a t e d  b y  t h e  t o x i n .  C - c o m p o u n d  a c t i o n  p o t e n t i a l s  t h a t  
p e r s i s t  i n  t h e  p r e s e n c e  o f  T T X  w e r e  u n a f f e c t e d  b y  K I I I A  ( d a t a  
n o t  s h o w n ) .
K I I I A  a l s o  c a u s e d  d i s c r e t e  b l o c k  o f  u n i t a r y  c u r r e n t s  f r o m  
N a v  c h a n n e l s  i n c o r p o r a t e d  i n t o  l i p i d  b i l a y e r s  f r o m  r a t  b r a i n  
m e m b r a n e s  ( F ig .  4 ) .  T h e s e  r e c o r d s  s h o w e d  n o  d i s s o c i a t i o n  
( u n b l o c k i n g )  t r a n s i t i o n s  i n  6 3  m i n  o f  r e c o r d e d  b l o c k e d  t i m e  
f r o m  f o u r  e x p e r i m e n t s ,  p l a c i n g  a  l o w e r  l i m i t  o n  t h e  m e a n  
b l o c k e d  t i m e  o f  1 5 . 8  ±  5 . 8  m i n  ( m e a n  ±  S . E . ) .  T h u s ,  b l o c k  i s  
e f f e c t i v e l y  i r r e v e r s i b l e  o n  t h e  e x p e r i m e n t a l  t i m e  s c a le .  T h e  
s m a l l  r e s i d u a l  u n b l o c k e d  c u r r e n t ,  s e e n  i n  F i g .  4  f o r  t h e  
K I I I A - b o u n d  c h a n n e l ,  p a r a l l e l s  s i n g l e - c h a n n e l  a n d  w h o l e  
c e l l  d a t a  f o r  s o m e  d e r i v a t i v e s  o f  / a - G I H A  ( 2 8 )  a n d  t h e  r e s i d ­
u a l  T T X - s  c u r r e n t  a t  h i g h  K I I I A  c o n c e n t r a t i o n s  i n  F ig s .  3 A  
a n d  5A.
T o  c h a r a c t e r i z e  t h e  a c t i v i t y  o f  K I I I A  o n  m a m m a l i a n  
s o d i u m  c h a n n e l s  i n  f u r t h e r  d e t a i l ,  v a r i o u s  c l o n e d  a - s u b u n i t s  
o f  r a t  o r  m o u s e  s o d i u m  c h a n n e l s  w e r e  e x p r e s s e d  i n  o o c y t e s .  
F i g .  5 A  i l l u s t r a t e s  r e p r e s e n t a t i v e  t r a c e s  o f  t h e  b l o c k  o f  
r N a v 1 . 2  a n d  1 . 4  b y  K I I I A ,  a n d  T a b l e  2  s u m m a r i z e s  t h e  
r e s u l t s  w i t h  s e v e n  s u b t y p e s  o f  s o d i u m  c h a n n e l s .  A l l  f i v e  n e u ­
r o n a l  s u b t y p e s  t e s t e d ,  r N a v l . l ,  r N a v 1 . 2 ,  r N a v 1 . 3 ,  m N a v 1 . 6 ,  
a n d  r N a v 1 . 7 ,  w e r e  b l o c k e d  b y  K I I I A :  r N a v 1 . 2  w a s  e s s e n t i a l l y
FIGURE 4. KIIIA blocks sodium channels from  rat brain membrane prepa­
rations. A, steady state single-channel record from a rat brain channel at -  40 
mV, showing a toxin binding event. B, single-channel current-voltage rela­
tions obtained during voltage ramps ( -6 0  to  +60 mV in 3.5 s), for the 
unbound (open) channel and for the KIIIA-bound channel. Brief, intrinsic gat­
ing closures are seen from either open (bold arrow) or toxin-bound states 
(light arrows), indicating a small residual current through the single channel 
when KIIIA is bound.
i r r e v e r s i b l y  b l o c k e d  w i t h  a  kon o f  0 . 3  ja m - 1- m i n - 1 . I n  c o n ­
t r a s t  t o  r N a v 1 . 2 ,  r N a v 1 . 3  w a s  r e v e r s i b l y  i n h i b i t e d  w i t h  a n  
I C S0 o f  8 /a m . I n h i b i t i o n  o f  r N a v l . l  a n d  r N a v 1 . 7  w a s  c h a r a c ­
t e r i z e d  b y  v e r y  s l o w  o n -  a n d  o f f - r a t e s .  T h e  s k e l e t a l  m u s c l e  
s u b t y p e  r N a v 1 . 4  w a s  r e v e r s i b l y  b l o c k e d  w i t h  a  r e l a t i v e l y  f a s t  
o n - r a t e  a n d  a  c a l c u l a t e d  K n o f  0 . 0 5  /a m , c l o s e  t o  t h e  I C S0 o f  
0 . 0 8  /a m . I n t e r e s t i n g l y ,  K I I I A  w a s  s i g n i f i c a n t l y  le s s  p o t e n t  
a g a i n s t  h e a r t  m u s c l e  s u b t y p e  r N a v 1 . 5  ( e s t i m a t e d  I C S0 2 8 4  
/a m ) .  A p p l i c a t i o n  o f  K I I I A  a t  5  /a m  d i d  n o t  a f f e c t  r N a v 1 . 8  
c o - e x p r e s s e d  w i t h  01 s u b u n i t s  i n  o o c y t e s  ( d a t a  n o t  s h o w n ) .
Structural Determinants of KIIIA Block— T o  i d e n t i f y  a m i n o  
a c i d  r e s id u e s  i n  K I I I A  r e s p o n s i b le  f o r  i t s  a c t i v i t y  a g a in s t  n e u r o ­
n a l  a n d  s k e l e t a l  m u s c le  s u b t y p e s ,  w e  d e s i g n e d  a n d  c h e m i c a l l y  
s y n t h e s i z e d  “ A l a - w a l k ”  a n d  r e la t e d  a n a lo g s  o f  K I I I A  ( T a b l e  3  
a n d  s u p p l e m e n t a l  T a b le  S I ) .  T w o  a n a lo g s  o f  K I I I A  c o n t a i n e d  
a d d i t i o n a l  t w o - a m i n o  a c i d  e x t e n s i o n s  a t  t h e  N  t e r m i n u s ,  Z N -  
o r  Z R -  ( w h e r e  Z  is  p y r o g l u t a m a t e ) ,  a s  f o u n d  i n  t h e  r e la t e d  
/ A - c o n o t o x in s  S I I I A  a n d  S m I I I A ,  r e s p e c t i v e l y  ( T a b l e  1 ) .  A l l  a n a ­
lo g s  w e r e  s y n t h e s i z e d  u s i n g  F m o c  c h e m i s t r y  a n d  s u b j e c t e d  t o  
t h e  o x i d a t i v e  f o l d i n g  p r o c e d u r e  u s e d  p r e v i o u s l y  t o  p r o d u c e  
K I I I A  ( 2 0 ) .  W h e n  t h e  f o l d i n g  w a s  p e r f o r m e d  i n  t h e  p r e s e n c e  o f  
o x i d i z e d  a n d  r e d u c e d  g l u t a t h i o n e ,  a  n u m b e r  o f  t h e  a n a lo g s  
y i e l d e d  o n e  m a j o r  o x i d a t i o n  p r o d u c t ,  b u t  s e v e r a l  a n a lo g s  p r o ­
d u c e d  t w o  f o l d e d  s p e c ie s  i n  a p p r o x i m a t e l y  e q u a l  q u a n t i t i e s  
( s u p p l e m e n t a l  F ig .  S I ) .  T o  a s s e s s  w h i c h  o f  t h e  t w o  p r o d u c t s  w a s  
m o r e  l i k e l y  t o  b e  t h e  c o r r e c t l y  f o l d e d  f o r m  w i t h  t h e  n a t i v e  c o n ­
n e c t i v i t y  o f  d i s u l f i d e  b r i d g e s ,  w e  c o m p a r e d  f u n c t i o n a l  a n d  
s t r u c t u r a l  p r o p e r t i e s  o f  b o t h  p r o d u c t s .  T h e  i n d i v i d u a l  f o l d i n g  
s p e c ie s  w e r e  t e s t e d  f o r  t h e i r  a b i l i t y  t o  b l o c k  r N a v 1 .2  s o d i u m
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Inh ib ition  by KINA o f cloned sodium  channels expressed in Xenopus 
oocytes
Rate constants were determined as described under “Experimental Procedures.” 
Standard deviation and 95% Confidence Intervals (95% C.I.) were calculated from at 
least three independent experiments using Prism software, n.a., not available 
because slow kinetics precluded steady state from being achieved within the exper­
imental time frame.
Sodium
channel kon K a K ICso (95% C.I.)
1.min~1 min"1 p u jj u
rNav l . l 0.042 ±  0.007 0.012 ±  0.004 0.29 n.a.
rNav1.2 0.30 ±  0.03 Irreversible" 0.003 n.a.
rNav1.3 0.08 ±  0.02 0.37 ±  0.08 4.6 8.0 (6.7-9.4)
rNav1.4 0.97 ±  0.09 0.047 ±  0.015 0.05 0.09 (0.07-0.11)
rNav1.5 j> 287 (240-343K
mNav1.6 0.12 ±  0.01 Partial'3' n.a.
rNav1.7 0.024 ±  0.003 0.007 ±  0.002s 0.29 n.a.
Na 1.2 Na 1.3 Na 1.4 Na 1.5 Na 1.6 Na 1.7
v  V V V V V
FIGURE 5. Block by KIIIA and its analogs o f rNav1.2 and 1.4 expressed in 
Xenopus oocytes. A, representative traces from voltage-clamp recordings 
were performed as described under "Experimental Procedures." KIIIA and the
a Although the block was essentially irreversible within the experimental time 
frame, the£offwas estimated as 0.0008 ±  0.0003 min-1 based on residual recovery 
after 20 min of wash and assuming exponential decay. 
h Unable to be determined because block was too small and apparent kinetics too 
fast to be accurately measured. 
r Extrapolated value assuming 100% block at saturating peptide concentration. 
d Block only partially reversed following peptide washout (—40 min). 
ekoff was estimated from recovery after 20 min of wash assuming exponential 
decay.
c h a n n e ls  e x p r e s s e d  i n  o o c y t e s  a n d  a ls o  a n a ly z e d  b y  ' H  N M R  
( s u p p l e m e n t a l  F ig s .  S 2  a n d  S 3 ) .  F o r  e a c h  a n a lo g ,  a  s i n g le  p r o d ­
u c t  w a s  s i g n i f i c a n t l y  m o r e  a c t i v e  t h a n  o t h e r s  p r e s e n t ,  s u g g e s t ­
i n g  t h a t  i t  w a s  l i k e l y  t o  b e  t h e  c o r r e c t l y  f o l d e d  f o r m .  T h e  c o r r e c t  
f o l d i n g  o f  t h e s e  a n a lo g s  w a s  c o n f i r m e d  b y  o n e - d i m e n s i o n a l  ' H  
N M R .  M o l e c u l a r  d y n a m i c s  s i m u l a t i o n s  s u g g e s t e d  t h a t  t h e  
i n t r o d u c e d  r e p la c e m e n t s  ( s u c h  a s  W 8A )  s h o u l d  n o t  a f f e c t  t h e  
c o n f o r m a t i o n  o f  t h e  p e p t i d e  a n d  t h a t  s e le c t e d  m i s f o l d e d  f o r m s  
( c o n t a i n i n g  n o n - n a t i v e  d i s u l f i d e  b r i d g e s )  s h o u l d  d i f f e r  i n  o v e r ­
a l l  c o n f o r m a t i o n  f r o m  t h e  n a t i v e  o n e  ( d a t a  n o t  s h o w n ) .  F o r  t h e  
a n a ly s e s  o f  s t r u c t u r e - a c t i v i t y  r e la t i o n s h i p s ,  t h e  m o s t  a c t i v e  
f o l d i n g  p r o d u c t  o f  e a c h  m u t a n t  w a s  u s e d  i n  s u b s e q u e n t  
e x p e r i m e n t s .
T h e  a n a lo g s  w e r e  s c r e e n e d  a t  a  c o n c e n t r a t i o n  o f  1 jxm f o r  
t h e i r  a b i l i t y  t o  b l o c k  r N a v 1 . 2  a n d  1 . 4  s o d i u m  c h a n n e l s  
e x p r e s s e d  i n  o o c y t e s .  T h e  a c t i v i t i e s  o f  t h e  f o l d i n g  p r o d u c t s  o f  
t h e  a n a lo g s  a g a i n s t  r N a v 1 . 2  a n d  1 . 4  a r e  c o m p a r e d  i n  F i g .  5 B, 
a n d  d e t a i l e d  k i n e t i c  p a r a m e t e r s  o f  t h e  i n h i b i t i o n  a r e  s u m m a ­
r i z e d  i n  T a b l e  3 .  I n d i v i d u a l  A l a  s u b s t i t u t i o n  o f  f o u r  r e s id u e s ,  
n a m e l y  T r p - 8, A r g - 1 0 ,  H i s - 1 2 ,  a n d  A r g - 1 4 ,  r e d u c e d  t h e  
a c t i v i t y  o f  K I I I A  a g a i n s t  r N a v 1 . 2 .  H o w e v e r ,  a l l  d e r i v a t i v e s ,  
w i t h  t h e  e x c e p t i o n  o f  W 8A ,  s h o w e d  l i t t l e  r e v e r s i b i l i t y  o v e r  
t h e  t i m e  c o u r s e  o f  t h e  e x p e r i m e n t .  T h e  o n - r a t e  w a s  s i g n i f i ­
c a n t l y  l o w e r e d  b y  r e p l a c e m e n t  o f  t h e  p o s i t i v e l y  c h a r g e d  r e s ­
i d u e s  L y s - 7 ,  A r g - 1 0 ,  o r  A r g - 1 4 ,  w h e r e a s  r e p l a c e m e n t  o f  t h e
analogs were each tested at a concentration of 1 /am on oocytes express­
ing rNav1.2 or rNav1.4. In each panel, the top row  shows superimposed 
recordings before (control, gray trace) and during (black trace) exposure to 
indicated peptide. The bottom row  shows the tim e course of block and 
recovery, where the black doraboveeach p lot indicates when the peptide 
was present. Block by KIIIA o f rNav1.2 was irreversible but that o f rNav1.4 
was reversible. 8, comparison of the activity o f Kill A and its ana logs against 
rNav1.2 and 1.4. Modification of residues in the N-terminal portion of the 
peptide had minimal effects in contrast to  those in the C-terminal portion. 
Remarkably, the K7A substitution attenuated the activity against rNav1.4 
but not rNav1.2. Mean and S.D. values were calculated from at least three 
independent experiments using Excel software. C, comparison of the 
block of six Navs by KIIIA and K7A. All Navs were from rat, except Nav1.6, 
which was from mouse.
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Conotoxin KIIIA as a Blocker o f Mammalian Sodium Channels
TABLE 3
Inh ib ition  o f rNav 1.2 and rNav 1.4 by KIIIA and its analogs
Standard deviation was calculated from at least three independent experiments using Excel software. Peptide concentration was 1 /xm for all, and inhibition (% block) was 
determined following 20 min of exposure to the indicated peptide. *, level of block too low to obtain reliable data.
Conotoxin'*
rNav 1.2 rN av 1.4
Block A k  * K>« Block A /w
% • —1 mw mm ' % • —1 nun mm '
KIIIA 90 ±  3.3 0.36 ±  0.06 1.0 irreversible 86 ±  5.6 0.91 ±  0.17 1.0 0.05 ±  0.017 1.0
|ZN ]„ 83 ±  4.4 0.31 ±  0.17 0.9 irreversible 84 ±  4.2 1.31 ±  0.37 1.4 0.09 ±  0.037 1.8
|ZR]„ 87 ±  5.8 0.56 ±  0.13 1.6 irreversible 85 ±  2.8 1.69 ± 0 .5 0 1.9 0.05 ±  0.006 1.0
LN3AJ 85 ±  3.1 0.34 ±  0.08 0.9 irreversible 83 ±  4.1 0.87 ±  0.16 1.0 0.05 ±  0.017 1.0
LS5AJ 86 ±  2.7 0.41 ±  0.13 1.1 irreversible 83 ±  4.5 0.80 ±  0.09 0.9 0.04 ±  0.003 0.8
[S6A] 86 ±  1.5 0.29 ±  0.05 0.8 irreversible 86 ±  2.9 0.91 ±  0.15 1.0 0.04 ±  0.016 0.8
LK7AJ, 80 ±  5.9 0.17 ±  0.06 0.5 0.02 ±  0.007 32 ±  5.7 0.65 ±  0.14 0.7 0.37 ±  0.077 7.4
[K7Nleu], 83 ±  2.1 0.18 ±  0.04 0.5 irreversible 33 ±  4.6 0.89 ±  0.12 1.0 0.20 ±  0.046 4.0
|W 8A]„ 50 ±  4.1 0.98 ±  0.14 2.7 0.26 ±  0.075 19 ±  5.7 0.91 ±  0.16 1.0 0.86 ±  0.120 17.2
|W 8L]„ 31 ±  6.6 0.91 ±  0.17 2.5 0.45 ±  0.186 15 ±  4.2 1.95 ± 0 .6 4 2.1 1.75 ±  0.21 35.0
LpWSj, 5 ±  5.0 * * 5 ±  1.0 * *
[r io a j , 45 ±  5.0 0.13 ±  0.02 0.4 irreversible 42 ±  2.9 0.84 ±  0.19 0.9 0.29 ±  0.140 5.8
[d IIA ] 85 ±  2.5 0.86 ±  0.31 2.4 irreversible 56 ±  4.0 0.78 ±  0.13 0.9 0.21 ±  0.095 4.2
LH12AJ,, 14 ±  3.8 * * 5 ±  0.6 * *
LS13AJ,, 81 ±  1.0 0.31 ±  0.08 0.9 irreversible 80 ±  3.4 1.12 ± 0 .59 1.2 0.08 ±  0.023 1.6
|R14A] 38 ±  7.5 0.11 ±  0.02 0.3 irreversible 25 ±  4.4 1.12 ± 0 .55 1.2 0.8 ±  0.248 16.0
* Subscript 1 or 11 refers to HPLC peak in supplemental Fig. SI. 










n e g a t i v e l y  c h a r g e d  A s p - 1 1  r e s u l t e d  i n  a n  i n c r e a s e d  o n - r a t e  
( T a b l e  3 ) .  T h e  i n h i b i t i o n  o f  r N a v 1 . 4  w a s  r e d u c e d  b y  t h e  i n d i ­
v i d u a l  r e p l a c e m e n t s  o f  e i t h e r  L y s - 7 ,  T r p - 8, A r g - 1 0 ,  A s p - 1 1 ,  
H i s - 1 2 ,  o r  A r g - 1 4 .  A s  f o r  r N a v 1 . 2 ,  t h e  k i n e t i c s  o f  b l o c k  o f  
r N a v 1 . 4  w a s  i n f l u e n c e d  b y  s u b s t i t u t i o n s  o f  t h e  c h a r g e d  r e s ­
id u e s .  T h e  r e p l a c e m e n t s  I < 7 A ,  W 8A ,  o r  D 1 1 A  h a d  m o r e  
e f f e c t  o n  t h e  b l o c k  o f  r N a v 1 . 4  t h a n  o f  r N a v 1 . 2  ( F ig .  SB). 
A d d i t i o n  o f  N - t e r m i n a l  s e q u e n c e s  Z N -  a n d  Z R -  ( a s  s e e n  i n  
S I I I A  o r  S m I I I A ,  T a b l e  1 )  a n d  i n d i v i d u a l  s u b s t i t u t i o n s  o f  
r e s i d u e s  3 ,  5 ,  a n d  6 b y  A l a  h a d  m i n i m a l ,  i f  a n y ,  e f f e c t s .
T h e  o b s e r v a t i o n  t h a t  K I I I A [ K 7 A ]  a n d  a  f e w  o t h e r  a n a lo g s  
d i s c r i m i n a t e d  b e t w e e n  r N a v 1 .2  a n d  1 . 4  s u g g e s ts  t h a t  t h e s e  
p o s i t i o n s  m i g h t  b e  u s e f u l  f o r  e n g i n e e r i n g  s u b t y p e  s e l e c t i v i t y  i n  
/ A - c o n o t o x in s .  T o  t e s t  t h i s ,  w e  m e a s u r e d  t h e  a c t i v i t y  o f  
K I I I A [ K 7 A ]  a g a in s t  a d d i t i o n a l  s u b t y p e s  o f  s o d i u m  c h a n n e ls .  A s  
s h o w n  i n  F ig .  SC, t h e  I < 7 A  s u b s t i t u t i o n  r e t a i n e d  a c t i v i t y  a g a in s t  
r N a v 1 .2 ,  b u t  t h e  i n h i b i t i o n  o f  r N a v 1 . 4  a n d  1 .7  b y  t h i s  a n a lo g  
w a s  s u b s t a n t i a l l y  r e d u c e d  c o m p a r e d  w i t h  K I I I A .
DISCUSSION
I n  a  q u e s t  t o  d i s c o v e r  a n d  d e v e lo p  n o v e l  n o n - o p i o i d  a n a lg e ­
s ic s  w e  h a v e  c h a r a c t e r i z e d  t h e  a c t i v i t y  o f  K I I I A ,  a  r e p r e s e n t a t i v e  
m e m b e r  o f  a  n e w l y  d i s c o v e r e d  g r o u p  o f  / A - c o n o t o x in s  f r o m  
f i s h - h u n t i n g  c o n e  s n a i ls .  O u r  e a r l i e r  w o r k  i n d i c a t e d  t h a t  K I I I A  
a n d  c lo s e l y  r e l a t e d  p e p t i d e s  s u c h  a s  S I I I A  p o t e n t l y  b l o c k e d  
T T X - r  s o d i u m  c h a n n e ls  i n  a m p h i b i a n  n e u r o n a l  p r e p a r a t i o n s  
( 1 9 - 2 1 ) .  T h r e e  m a j o r  f i n d i n g s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  a r e  
t h a t  1 )  i n  m a m m a l i a n  s y s t e m s ,  K I I I A  a l m o s t  i r r e v e r s i b l y  b l o c k s  
N a v 1 .2 ,  2 )  r e p l a c e m e n t  o f  s p e c i f i c  a m i n o  a c id s  h a d  d i f f e r e n t  
e f f e c t s  o n  t h e  b l o c k  o f  r N a v 1 .2  a n d  r N a v 1 .4 ,  a n d  3 )  K I I I A  h a s  a  
p o t e n t  a n a lg e s i c  a c t i v i t y  f o l l o w i n g  i t s  s y s t e m i c  a d m i n i s t r a t i o n  
i n  m ic e .
T h i s  w o r k  v a l i d a t e s  t h e  K I I I A  g r o u p  o f  / A - c o n o t o x i n s  a s  
p o t e n t i a l  t h e r a p e u t i c s  f o r  t r e a t m e n t  o f  p a i n .  W e  s h o w  t h a t  
K I I I A  is  a  p o t e n t ,  s y s t e m i c a l l y  a c t i v e  a n a lg e s i c  c o m p o u n d  
a c t i n g  b y  b l o c k i n g  s o d i u m  c h a n n e l s .  K I I I A  p r o d u c e d  a  m o r e  
p o t e n t  a n a lg e s i a  ( E D 50 0 . 1  m g / k g )  t h a n  S I I I A  ( E D 50 0 . 9  
m g / k g )  ( 2 9 ) .  T h e s e  f i n d i n g s  a r e  n o t  s u r p r i s i n g  g i v e n  t h a t
m a n y  s o d i u m  c h a n n e l  b l o c k e r s ,  i n c l u d i n g  T T X  i t s e l f ,  a r e  
a c t i v e  i n  a n a lg e s i a  a s s a y s  ( 3 0 - 3 3 ) .  P r e v i o u s l y  r e p o r t e d  a n a l ­
g e s i c  a c t i v i t y  o f  s u b c u t a n e o u s l y  a p p l i e d  / A O - c o n o t o x i n  
M r V I B  w a s  p r e s u m e d  t o  b e  m e d i a t e d  b y  p r e f e r e n t i a l l y  
b l o c k i n g  T T X - r  c u r r e n t s ,  i n c l u d i n g  N a v 1 . 8  ( 1 4 ,  1 5 ,  3 4 ) .  
A l t h o u g h  w e  d i d  n o t  i d e n t i f y  t h e  p a r t i c u l a r  s u b t y p e  o f  
s o d i u m  c h a n n e l s  b y  w h i c h  K I I I A  m e d i a t e d  a n a lg e s i c  e f f e c t  
( t h e s e  e x p e r i m e n t s  a r e  b e y o n d  t h e  s c o p e  o f  t h i s  r e p o r t ) ,  i t  is  
l i k e l y  t h a t  b l o c k i n g  o n e  o r  m o r e  p e r i p h e r a l  n e u r o n a l  s u b ­
t y p e s  o f  s o d i u m  c h a n n e l s  u n d e r l i e s  t h e  a n a lg e s i c  a c t i v i t y .  F o r  
e x a m p l e ,  N a v 1 . 7 ,  f o u n d  i n  p e r i p h e r a l  s e n s o r y  n e u r o n s ,  h a s  
b e e n  s h o w n  t o  p l a y  a  r o l e  i n  c o m m u n i c a t i n g  i n f l a m m a t o r y  
p a i n  ( 2 3 ,  3 5 ) ,  a n d  m u t a t i o n s  i n  t h e  h u m a n  N a v 1 . 7  c a n  r e s u l t  
i n  t h e  i n a b i l i t y  t o  e x p e r i e n c e  p a i n  ( 3 6 ) .
A  s t r i k i n g  f e a t u r e  o f  K I I I A  is  i t s  e s s e n t i a l l y  i r r e v e r s i b l e  b l o c k  
o f  r N a v 1 .2 .  B a s e d  o n  r e s i d u a l  r e c o v e r y  a f t e r  2 0  m i n  o f  w a s h ,  a n d  
a s s u m in g  e x p o n e n t i a l  d e c a y ,  w e  e s t im a t e d  ka(( a s  0 . 0 0 0 8  ±
0 . 0 0 0 3  m i n ~ 1. T h i s  f i n d i n g  w a s  a l s o  s u p p o r t e d  b y  s in g l e - c h a n ­
n e l  r e c o r d i n g s  f r o m  r a t  b r a i n  c h a n n e ls  ( F ig .  4 ) .  R e m a r k a b l y ,  t h i s  
n e a r  i r r e v e r s i b i l i t y  w a s  r e t a i n e d  b y  1 2  o f  t h e  1 4  K I I I A  a n a lo g s  
t h a t  r e m a i n e d  a c t i v e  i n  b l o c k i n g  t h e s e  t w o  c h a n n e l  s u b t y p e s  
( T a b l e  3 ) .  T h e  s e l e c t i v i t y  p r o f i l e  f o r  K I I I A  a g a in s t  m a m m a l i a n  
s o d i u m  c h a n n e l  s u b t y p e s  w a s  f o u n d  t o  d i f f e r  s i g n i f i c a n t l y  f r o m  
t h o s e  p r e v i o u s l y  d e s c r i b e d  f o r  P I I I A  a n d  G I I I A .  K I I I A  is  a  
n e a r l y  i r r e v e r s i b l e  b l o c k e r  o f  N a v 1 .2 ,  w h e r e a s  P I I I A  a n d  G I I I A  
h a v e  I C 50 s i n  t h e  l o w  ( P I I I A )  o r  h i g h  ( G I I I A )  /a m  r a n g e  f o r  t h i s  
s u b t y p e  ( 1 0 ,  3 7 ) .  I t  is  t e m p t i n g  t o  s p e c u la t e  t h a t  t h i s  d i f f e r e n c e  
m i g h t  b e  a c c o u n t e d  f o r  i n  p a r t  b y  t h e  p r e s e n c e  o f  t h e  h i g h l y  
c o n s e r v e d  T r p -8 i n  m e m b e r s  o f  t h e  K I I I A  g r o u p  o f  / A - c o n o t o x -  
in s  ( T a b l e  1 ) ,  r e p l a c e m e n t  o f  w h i c h  r e s u l t e d  i n  l o w e r  a c t i v i t y  
a n d  r e v e r s ib l e  b l o c k  o f  N a v 1 .2 .  S e c o n d l y ,  t h e  s k e l e t a l  m u s c le  
s u b t y p e  w a s  b l o c k e d  m o r e  b y  G I I I A / P I I I A  t h a n  K I I I A .  T h u s ,  
t h e r e  is  a  s t a r k  c o n t r a s t  i n  t h e  s p e c i f i c i t y  o f  K I I I A  c o m p a r e d  
w i t h  G I I I A / P I I I A  i n  b l o c k i n g  n e u r o n a l  versus s k e l e t a l  m u s ­
c le  s u b t y p e s .  F u r t h e r m o r e ,  o u r  s t r u c t u r e - a c t i v i t y  r e l a t i o n ­
s h i p  d a t a  i d e n t i f i e d  t h r e e  p o s i t i o n s ,  L y s - 7 ,  T r p - 8, a n d  
A s p - 1 1 ,  t h a t  t h r o u g h  r e p l a c e m e n t ,  e i t h e r  s i n g l y  o r  i n  c o m -
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b i n a t i o n ,  m a y  r e s u l t  i n  m o r e  s e l e c t i v e  b l o c k e r s .  T h e  p r e s e n t  
s t r u c t u r e / f u n c t i o n  d a t a  o n  K I I I A  s u p p o r t  i t s  u s e  i n  t h e  s t u d y  
o f  n e u r o n a l  s o d i u m  c h a n n e l  s t r u c t u r e  i n  t h e  s a m e  w a y  t h a t  
/ A - c o n o t o x i n  G I I I A  h a s  c o n t r i b u t e d  t o  d e f i n i n g  t h e  s t r u c t u r e  
o f  t h e  s k e l e t a l  m u s c l e  s o d i u m  c h a n n e l s  ( 3 8 - 4 1 ) .  M o r e o v e r ,  
o u r  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p  i n f o r m a t i o n  i s  c r i t i c a l  f o r  
f u r t h e r  d i s c o v e r y  a n d  d e v e l o p m e n t  o f  s u b t y p e - s e l e c t i v e  
s o d i u m  c h a n n e l  b l o c k e r s  v i a  e x o g e n o m i c s  a n d / o r  a  r a t i o n a l  
d e s i g n  a p p r o a c h  ( 4 2 ) .
A  p u z z l i n g  f e a t u r e  o f  K I I I A  a c t i v i t y  i s  t h a t  i t  b l o c k e d  o n l y  
2 0 %  o f  t h e  T T X - r  c u r r e n t s  i n  m o u s e  D R G  n e u r o n s  ( F ig .  3 ,  A  
a n d  B). I t  i s  u n l i k e l y  t h a t  t h i s  r e s u l t  i s  d u e  t o  a  d i f f e r e n t i a l  
b l o c k  o f  N a v 1 . 8  versus N a v 1 . 9  i n  t h e s e  c e l l s  b e c a u s e  u n d e r  
o u r  r e c o r d i n g  c o n d i t i o n s  t h e  T T X - r  c u r r e n t  i s  e s s e n t i a l l y  
o n l y  d u e  t o  N a v 1 . 8 .  F u r t h e r m o r e ,  k i n e t i c s  o f  t h e  c o n t r o l  a n d  
p a r t i a l l y  b l o c k e d  c u r r e n t s  a r e  e s s e n t i a l l y  i d e n t i c a l  ( s e e  F ig .  
3A), w h i c h  i s  i n c o n s i s t e n t  w i t h  a  d i f f e r e n t i a l  b l o c k  o f  t h e s e  
t w o  T T X - r  c h a n n e l  s u b t y p e s  s in c e  t h e y  h a v e  v e r y  d i f f e r e n t  
r a t e s  o f  f a s t  i n a c t i v a t i o n  ( 4 3 ) .  O n e  p o s s i b l e  b a s i s  f o r  t h e  
r e s i d u a l  c u r r e n t  a t  h i g h  [ K I I I A ]  c o u l d  b e  i n c o m p l e t e  b l o c k  o f  
t h e  u n i t a r y  c u r r e n t  f o r  t h e  c h a n n e l  t y p e ( s )  u n d e r l y i n g  t h e  
T T X - r  c u r r e n t ,  a s  s e e n  f o r  r a t  b r a i n  c h a n n e l s  i n  F i g .  4 .  H o w ­
e v e r ,  a  m o r e  d e t a i l e d  b i o p h y s i c a l  s t u d y  w i l l  b e  r e q u i r e d  t o  
r e s o l v e  t h i s  i s s u e  c o n c l u s i v e l y .
I n  s u m m a r y ,  t h i s  w o r k  s h o w s  f o r  t h e  f i r s t  t i m e  t h a t  
/ A - c o n o t o x i n s  c a n  b l o c k  n e u r o n a l  s u b t y p e s  o f  m a m m a l i a n  
s o d i u m  c h a n n e l s ,  w i t h  b o u n d  t i m e s  o f  u n p r e c e d e n t e d  d u r a ­
t i o n ,  a n d  v a l i d a t e  t h i s  g r o u p  o f  p e p t i d e s  a s  p o t e n t i a l  t h e r a ­
p e u t i c s  f o r  t r e a t m e n t  o f  p a i n .  R e s u l t s  f r o m  o u r  s t r u c t u r e /  
f u n c t i o n  a n a l y s i s  p r o v i d e  s t r o n g  i n c e n t i v e s  f o r  f u r t h e r  
e n g i n e e r i n g  o f  t h e  K I I I A  g r o u p  o f  / A - c o n o t o x i n s  t o  o b t a i n  
s p e c i f i c  b l o c k e r s  o f  s e l e c t e d  n e u r o n a l  s o d i u m  c h a n n e l  s u b ­
t y p e s  t h a t  p o t e n t i a l l y  m i g h t  b e  v a l u a b l e  n e w  t o o l s  f o r  t h e  
t r e a t m e n t  o f  p a i n  ( 4 4 ) .
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